Background: Birth-weight is an important determinant of perinatal outcome with low birth-weight being a particular risk factor for adverse consequences. Aim: To investigate the impact of neonatal sex, mode of birth and gestational age at birth according to birth-weight centile on serious adverse neonatal outcomes in singleton term pregnancies.
Introduction
Despite a well-established link between low birth-weight and adverse perinatal outcomes, most small babies at term are not identified prior to birth. These babies are at a greater risk of intrapartum foetal compromise, hypoxic brain injury with subsequent longer-term neurological deficits, stillbirth and neonatal death, particularly if there is associated suboptimal intrauterine growth [1] [2] [3] .
There is evidence that antenatal identification of aberrant foetal growth and the institution of appropriate surveillance and management may prevent some of these complications and improve neonatal outcomes [4, 5] . Prenatal ultrasonography is a useful method for identifying growth-restricted foetuses, but the role and effectiveness of routine late-pregnancy ultrasounds remain controversial and guidelines vary worldwide. The risk of stillbirth particularly is increased in cases where foetal growth restriction is missed antenatally compared to those where prenatal identification of a small baby was made [6] .
On the other end of the birth-weight spectrum, large for gestational age babies are not without problems, and there is evidence to suggest that being heavier is neither necessarily always better nor protective against perinatal morbidity [7] . Larger babies, especially those born above the 91 st centile for gestation, are often also at an increased risk for other adverse perinatal outcomes [8] . In preterm babies the complex interaction between birth-weight and gestational age at birth is best demonstrated by a recently developed model showing that for a given gestation there is an optimal birth-weight centile to predict survival [9] .
Prenatal identification of foetal size during late pregnancy and particularly close to birth thus allows timely appreciation of intrapartum and perinatal risks, and an opportunity for early decision-making for appropriate management. The aim of this study was to investigate the impact of the mode of birth, neonatal sex and gestational age at birth, according to birth-weight centile, on serious adverse neonatal outcomes in singleton term pregnancies.
Materials and methods
This was a retrospective cohort study of non-anomalous term singleton births at the Mater Mothers' Hospital (MMH) in Brisbane, Australia between January 2008 and December 2015. The MMH is one of the largest tertiary maternity hospitals in Australia, with an annual birth rate of almost 10,000. This is approximately one-sixth of the state of Queensland's total annual birth rate, thus broadly representative of the general urban Australian population. Ethical and governance approvals for this study were granted by the Mater (HREC/14/MHS/37 and RG162) and the University of Queensland's (2015-SOMILRE-0134) Human Research Ethics and Governance Committees, respectively.
Data were collected from the institute's maternity database and cross-referenced with the maternal and foetal medicine and neonatal databases to ensure robust data ascertainment. The inclusion criteria included both public and private singleton term births regardless of the mode of birth. Exclusion criteria were preterm gestation (<37 weeks), multiple pregnancies, known aneuploidy and major congenital malformations.
Maternal demographic data included age, body mass index (BMI), pre-existing medical conditions (hypertension and diabetes), alcohol and smoking status, parity, insurance status and ethnicity. Obstetric outcomes included birth-weight stratified by sex, gestational age at birth, mode of birth [elective or emergency caesarean section (CS), instrumental vaginal (forceps or vacuum) or spontaneous vaginal delivery (SVD)]. Serious adverse neonatal outcome was defined as a composite of severe acidosis at birth (pH ≤7.0 and/or lactate ≥ 6 mmol/L and/or base excess ≤−12 mmol/L), Apgar <3 at 5 min, neonatal intensive care unit (NICU) admission and antepartum or neonatal death.
The study's main exposure variable was birth-weight centile. Sex-and gestational age-specific birth-weight centiles were calculated against the Australian reference centiles [10] , and sub-divided into the following categories: <3 
Statistical analysis
Generalised estimating equations (GEE) were used to account for the correlation among women who gave birth more than once during the study period. Univariate GEE analysis was performed to identity associations of variables with serious adverse neonatal composite outcomes. Adjustments were subsequently made in the GEE models for the confounding effects of maternal age, BMI, diabetes, smoking status, alcohol consumption, parity, mode of birth, gestational age at birth, sex and ethnicity for the serious adverse neonatal outcomes. Within the adjusted GEE model, interactions were then assessed between the birth-weight centile categories and each of the specific variables -mode of birth, neonatal sex and gestational age at birth. Predicted probabilities were then derived for each birth-weight centile group, with the 50 th - <75 th centile considered the reference category. The predicted probability allowed us to estimate the average likelihood of the serious adverse neonatal outcomes occurring for a specific mode of birth, sex of neonate or gestation at birth for any given birth-weight centile. All statistical analysis for this study was performed using Stata 
Results
Over the 8-year study period from January 2008 to December 2015, there were a total of 80,934 births, of which 69,210 met the inclusion criteria. Maternal demographics, obstetric and neonatal outcomes and breakdown by birth-weight centiles and gestational age are presented in Table 1 . The study cohort had an almost even distribution of public and privately insured patients. Overall, almost 17% of the mothers were smokers and 16% consumed alcohol during pregnancy. Caucasian women composed the largest ethnic group, making up almost three-quarters of the cohort. Approximately 2% of the babies had birthweights <3 rd centile whilst 3.4% were ≥97 th centile. The overall proportion of serious adverse neonatal outcomes was 9.1% (6327/69,210). Table 2 and Figure 1 illustrate the effect that birthweight centile has on serious adverse neonatal outcomes. Babies in the <3 rd centile cohort had the highest odds ratio [OR 3.53, 95% confidence interval (CI) 3.06-4.07] for serious adverse neonatal outcomes. The predicted probability across birth-weight centiles demonstrated an asymmetric bimodal distribution with the highest probability at the lower extremes of birth-weight and rising again for the ≥97 th centile group. Regardless of birth modality the OR for serious adverse neonatal outcomes remained highest for birth-weights <3 rd centile, with the highest odds seen in the cohort delivered by emergency CS (Table 3) . Babies with birth-weight ≥97 th centile also demonstrated increased odds of serious adverse neonatal outcomes when delivered via SVD or elective CS. The predicted probabilities of serious adverse outcomes were, however, highest in babies who required instrumental vaginal birth across all birth-weight centiles ( Figure 2 ). Table 4 demonstrates the effect of neonatal sex and birth-weight on the OR and predicted probability of serious adverse neonatal outcomes. For any birth-weight centile, male babies had a higher predicted probability of serious adverse neonatal outcomes than their female counterparts, with the greatest risk seen in the <3 rd and ≥97 th centile cohorts (Figure 3 ). Table 5 and Figure 4 show the interaction between gestational age at birth, birth-weight centiles and serious adverse neonatal outcomes. For all three gestational age categories (early term: 37 + 0 to 38 + 6 weeks, term: 39 + 0 to 40 + 6 weeks and late term: ≥41 + 0 weeks) babies with birth-weight <3 rd centile had the highest OR and predicted probability for serious adverse neonatal outcomes, especially when born at early term. Interestingly, the predicted probability between the 3 rd - <10 th and 90 th - <97 th birthweight centiles was greatest in the cohort born at late term.
Discussion
The results of this large study clearly demonstrate that regardless of neonatal sex, mode of birth, ethnicity and gestational age, birth-weight within the <3 rd centile was consistently associated with serious adverse neonatal outcomes. Our results suggest that this relationship, whilst strongest <3 rd centile, also remains significant for birth-weight in the 3 rd - <10 th and 10 th - <25 th centile categories. The OR for the ≥97 th centile cohort was also significantly elevated even after adjusting for confounders, thus indicating that larger babies were also more likely to experience serious adverse neonatal outcomes. Our results thus concur with previous studies which similarly reported an association between macrosomia (birth-weight >4000 g) and perinatal morbidity including shoulder dystocia, neonatal hypoglycaemia and operative intervention [7, 11] .
The underlying mechanism is likely to be different for babies at both extremes of the birth-weight spectrum. Small babies are more vulnerable to foetal distress and intrapartum compromise [8] , probably because their metabolic reserves are deficient and become rapidly depleted, rendering them less able to withstand the stresses of uterine contractions during parturition. There is also evidence to suggest that neonatal outcomes are significantly poorer following emergency CS for foetal distress [12] . Our study's results demonstrated that babies <3 rd centile delivered by emergency CS had almost 5-fold odds of having serious adverse neonatal outcomes. On the other hand, larger babies are more susceptible to mechanical injury and progressive hypoxic insults associated with prolonged and obstructed labour, which may often warrant operative intervention [13] . Interestingly, in our study, the predicted probability of serious adverse neonatal outcomes when stratified by the mode of birth was highest in the instrumental cohort followed by the emergency CS group. Our finding of male babies having higher predicted probabilities of serious adverse neonatal outcomes is consistent with the views of other investigators who have suggested that the male sex itself may be disadvantaged in the context of perinatal stress [14, 15] . This inherent source of vulnerability may thus be exacerbated by a synergistic effect of low birth-weight and emergent birth.
Stratification of our analysis according to gestational maturity at birth allowed the assessment of how this variable affected the OR and predicted probability of serious adverse neonatal outcomes across birth-weight centiles. In our study, the ORs were highest for babies delivered from 37 + 0 to 38 + 6 weeks for babies within ≤25 th and ≥97 th centiles, indicating that early term may be a compounding risk factor for poor outcomes in both smaller and larger babies. We also found that post term birth was a significant risk for adverse outcome ( Figure 4 ) for birthweight between the 3 rd and <97 th centile. Whilst preterm birth is a well-established contributor to adverse perinatal outcomes, our results may additionally inform clinicians regarding the optimum timing of birth and intervention in term pregnancies, when foetal growth restriction or macrosomia is suspected, to help reduce perinatal morbidity and mortality.
Given our results and those of other investigators, there is clearly an imperative to better identify at-risk foetuses so that appropriate measures can be taken to improve perinatal outcomes. Such methods include assessing the foetal cerebroplacental ratio [16, 17] and measurement of biochemical markers of placental dysfunction [18, 19] in order to detect foetuses with a potentially higher risk of adverse outcomes. In term pregnancies, foetal growth restriction is a major cause of neonatal encephalopathy [RR 38.2 (95% CI 9.4-154.8)] [20] . However, late onset foetal growth restriction is frequently missed because of the inherent limitations of clinical assessment of foetal size as well as the current lack of routine third trimester ultrasound as part of antenatal care, both in Australia and in other parts of the world. Other reasons include the equipoise amongst clinicians and the lack of robust evidence regarding the benefit of routine late pregnancy ultrasound in low-risk or unselected populations.
The strengths of our study are its large sample size as well as the diverse patient population and the clinically relevant outcomes. The limitations include those inherent in the retrospective nature of this study. The study period spanned 8 years, during which hospital policies that influence obstetric practice may possibly have changed.
Our results demonstrating the increased risk of serious adverse neonatal outcomes at the extremes of birth-weight highlight the importance of assessing foetal size in late pregnancy as this clearly influences the likelihood of intrapartum intervention and thus directly impacts neonatal outcomes. Our results support the value of routine third trimester ultrasound screening for foetal size and growth, which in our view will help complement antenatal care, inform decisions regarding the optimal timing and mode of birth and likely have a positive impact on women's satisfaction with their obstetric care.
